To evaluate the efficacy and safety of passive cooling during transport of asphyxiated newborns. STUDY DESIGN: Retrospective medical record review of newborns with perinatal asphyxia transported for hypothermia between July 2007 and June 2010. RESULT: Of 43 newborns transported, 27 were passively cooled without significant adverse events. Twenty (74%) passively cooled newborns arrived with temperature between 32.5 and 34.5 1C. One newborn arrived with a temperature o32.5, and 6 (22%) had temperatures 434.5 1C. Time from birth to hypothermia was significantly shorter among passively cooled newborns compared with newborns not cooled (215 vs 327 min, Po0.01), even though time from birth to admission to Boston Children's Hospital was similar (252 vs 259 min, P ¼ 0.77). Time from birth to admission was the only significant predictor of increased time to reach target temperature (P ¼ 0.001). CONCLUSION: Exclusive passive cooling achieves significantly earlier initiation of effective hypothermia for asphyxiated newborns but should not delay transport for active cooling.
INTRODUCTION
Hypoxic-ischemic encephalopathy (HIE) occurs in 1 to 3 of every 1000 live term births in the United States. A significant proportion of newborns with HIE will manifest later neurological sequelae including intellectual, sensory and motor impairments resulting from brain injury. Four clinical trials have demonstrated that moderate hypothermia reduces rates of death and disability and improves neurological function among survivors of neonatal HIE. [1] [2] [3] [4] Although the American Academy of Pediatrics has not yet endorsed therapeutic hypothermia as standard of care, many newborn intensive care units (NICUs) now offer this therapy in their clinical practice. [5] [6] [7] To achieve the greatest benefit for newborns with HIE, hypothermia needs to be initiated before the onset of the secondary energy failure that contributes to hypoxic-ischemic brain injury. [8] [9] [10] Animal data strongly support the initiation of hypothermia within 6 h after birth, [11] [12] [13] posing a challenge to caregivers to stabilize and transport critically ill newborns to a hospital offering the therapy within this 6-h time frame. Remote hospitals and settings with limited infrastructure and resources may not be able to transport newborns to a hypothermia center within 6 h, which could potentially prevent these newborns from benefiting from this therapy. Many hospitals and transport teams are unable to offer active, controlled hypothermia during transport. To initiate hypothermia therapy earlier, some centers have implemented passive cooling (removal of external heat sources to the newborn) before initiation of active cooling.
Several reports have described results of cooling both at referral hospitals and during transport to a hypothermia center. [14] [15] [16] [17] In these reports, cooling included varied procedures during transport, including both passive cooling and active cooling with the application of cold packs or ice to the newborn's body. These reports all noted overcooling in several cases. 15, 16 The aim of our study was to determine whether passive cooling during transport would improve delivery of therapeutic hypothermia, by comparing temperature and safety data from asphyxiated newborns transported before and after adoption of passive cooling during transport. We hypothesized that passive cooling of asphyxiated newborns would reduce the time to goal temperature, would be safe and that there would be a low rate of overcooling.
METHODS
We retrospectively reviewed the medical records of all newborns with perinatal asphyxia who were admitted to Boston Children's Hospital (BCH) for evaluation for treatment with therapeutic hypothermia. The NICU at BCH began offering therapeutic hypothermia for newborns with HIE in July 2007; referral nurseries were recommended to transport newborns with asphyxia to be evaluated by neurological exam and amplitude-integrated electroencephalography (aEEG) by pediatric neurology at BCH before initiation of active cooling procedures. Newborns were considered for hypothermia if they met a combination of diagnostic criteria established by the first two large published trials of therapeutic hypothermia for neonatal HIE, including clinical, laboratory and aEEG findings.
1,2 Criteria for treatment included gestational age 436 weeks, evidence of both fetal and neonatal distress and encephalopathy diagnosed by both neurological examination and aEEG on admission to BCH. All newborns admitted to BCH are outborn; referring physicians initiate requests for transport through the BCH Communication Center, and all cases are managed in consultation with a BCH NICU fellow and/or attending by recorded telephone calls including the dispatched transport team.
For quality improvement purposes, a database of all newborns transported for potential treatment with hypothermia was maintained to track short-and long-term outcomes and adverse events. The database includes perinatal history, clinical characteristics of the transport, hospital course at BCH, results of laboratory studies and neurophysiologic and neuroimaging data. We conducted a retrospective review of the database for all newborns admitted since initiation of the therapeutic hypothermia protocol. The Institutional Review Board of BCH approved the study and publication of de-identified data.
The BCH transport team transports on average 1000 patients per year, 35% of whom are newborns. The transport team records vital signs for each patient upon initial assessment and at 30-min intervals for stable patients (that is, patients not on inotropic medications) or intervals of 15 min or less for unstable patients. Temperature is measured in the axilla of the newborn using the Allegiance Dual Scale Digital Thermometer (Cardinal Health, Dublin, OH, USA). The BCH transport team does not record skin probe temperature measurements.
In the first year during which therapeutic hypothermia was offered at BCH, many newborns arrived close to or just over the 6-h time limit to initiate hypothermia. The practice of exclusive passive cooling for newborns with perinatal asphyxia before and during transport was therefore established in July 2008 to ensure that newborns would reach target temperature (33.5 1C) by 6 h of age. To achieve lower body temperature by passive cooling, referring hospitals were asked to turn off all external heat sources and record axillary or rectal temperature with routine vital signs. The transport team either maintained or initiated passive cooling by placing the newborn in an isolette without active heating. If a newborn's axillary temperature dropped below 33 1C, the transport nurse would turn the isolette on and set the temperature at 34 1C using servo-controlled warming, monitored by continuous skin probe measurements. The nurse would then record the infant's axillary temperature 15 min after warming was initiated until it was 433 1C. No active cooling was performed during transport to BCH.
For this retrospective review, times and results of all documented vital signs from birth to admission to BCH were analyzed. These measurements included axillary and rare rectal temperatures, as well as esophageal temperatures once active cooling procedures were initiated. Time to target temperature range was defined as the time from birth to achievement of an axillary temperature of 32.5 to 34.5 1C. The target temperature range for hypothermia was based on data from whole-body hypothermia trials, with a goal temperature of 33.5 1C.
1,2 The range of 32.5 to 34.5 1C axillary was chosen as the lack of a servo-controlled device meant that a temperature range rather than single goal temperature was necessary and because the BCH protocol uses axillary measurements during transport (axillary temperature correlates closely with core temperature). 18, 19 The American Academy of Pediatrics guidelines were used to define the range of normal newborn body temperature of 36.5 to 37.4 1C, measured in the axilla. 20 In our NICU and on newborn transports, the protocol is to monitor temperature in the axilla rather than the rectum unless there is a significantly abnormal measurement by axilla that requires verification. This policy is due to the risk for rectal perforation, 21, 22 particularly in the setting of the high incidence of coagulopathy and potential for bleeding in hypothermic newborns who have sustained a systemic hypoxic-ischemic insult. 23, 24 We collected clinical data regarding each newborn's medical history and birth events before transport, including gestational age, Apgar scores, birth weight, first recorded pH, severity of illness score (score for neonatal physiology-perinatal extension-II), seizures and need for intubation or inotropic support. Statistical analysis was performed using PASW Statistics 18 (IBM, Chicago, IL, USA). Independent samples t-tests were used to compare demographic characteristics, and details of transport and admission between newborns who were not passively cooled and those who were passively cooled. Wilcoxon-Mann-Whitney tests were used to compare demographic data that were not normally distributed. Fisher's exact test was used to compare gender and number of newborns within target temperature range on admission between the two groups. Analysis of variance was used to test whether time to target temperature differed by severity of encephalopathy. Multiple linear regression analysis was used to determine the adjusted effects of factors that might influence time to target temperature, such as birth weight, transport distance and time from birth to admission to BCH. A P-value of 0.05 was considered significant.
RESULTS
From July 2007 to June 2010, 52 newborns with perinatal asphyxia were referred for possible treatment with therapeutic hypothermia. We did not include in our analysis nine newborns transported by referring hospitals for whom temperature data before admission could not be obtained. Data analysis was therefore restricted to 43 newborns for whom complete temperature measurements before BCH admission were available. As passive cooling was begun 1 year after initiation of the therapeutic hypothermia protocol, 16 newborns were not passively cooled whereas 27 were passively cooled by the referring hospital and the transport team. Of those 27, 23 newborns had the radiant warmer turned off at the referral hospital, and 4 had the first removal of heat source during transport. All 27 passively cooled newborns were transported in an isolette without active warming unless the baby's temperature fell below 33 1C. The exact time of initiation of passive cooling was documented for 16 of the 27 passively cooled newborns.
Descriptive data regarding the characteristics of the newborns are shown in Table 1 . There was no statistically significant difference with respect to demographics or markers of illness severity (score for neonatal physiology-perinatal extension-II) between newborns not cooled during transport and those who were passively cooled. The distribution of severity of encephalopathy did not differ significantly between the two groups ( Table 1) . Temperature on admission to BCH was significantly lower among newborns who were passively cooled during transport (33.8 ± 1.3 vs 35.7 ± 1.3 1C; Po0.01, Figure 1 and Table 2 ). In the passively cooled group, 20 of 27 newborns (74%) had an admission temperature in the target range, 32.5 to 34.5 1C. Six newborns (22%) with temperatures 434.5 1C (range 34.8 to 36.7 1C) on admission had been transported shorter distances (mean of 8 miles) and 1 newborn (4%) had a temperature on admission of 30 1C. The newborn with the admission temperature of 30 1C had only one temperature of 34.7 1C documented at the birth hospital before admission to BCH. This severely asphyxiated newborn underwent a prolonged resuscitation and two emergent diagnostic procedures at the referring hospital, which may explain the infrequent temperature monitoring. For almost all newborns, temperature was stable during transport without need for intervention. Only one newborn was warmed during transport because of a recorded temperature of 32.9 1C; the temperature 15 min later was 33.5 1C and remained within target range until arrival at BCH. Newborns were not treated with sedatives or narcotics for at least 30 min before arrival at BCH for neurological evaluation (by neurological examination and aEEG recording), and a similar percentage in each group received such medications before or during transport (38% of nonpassively cooled, 33% of passively cooled). Newborns with no or mild encephalopathy by exam and aEEG, that is, not qualifying for hypothermia, were rewarmed without any complications (n ¼ 6). Among newborns not passively cooled on transport, admission temperatures ranged Transport and temperature data are shown for both groups of newborns in Table 2 . Newborns who were passively cooled achieved the target temperature range significantly earlier than those who were not passively cooled (215 ± 78 vs 327 ± 88 min; Po0.01). Notably, there was no difference in time from birth to admission (259±67 vs 252±83 min; P ¼ 0.77) or distance traveled to BCH (3.0 ± 18.0 vs 7.5 ± 21.0 miles; P ¼ 0.22) between newborns who were passively cooled and those who were not cooled during transport. Newborns for whom exact time of initiation of hypothermia was documented (n ¼ 16) began this therapy at a median 62 ± 73 min after birth (mean 74 min), achieving target temperature at just 42 h after initiation of passive cooling (median 128±75 min, mean 128 min). For 10 of the other 11 newborns, the first recorded temperature was o36 1C, indicating that passive cooling had been initiated already, resulting in an early decrease in body temperature. All 10 of these newborns arrived at BCH in the target range, except for the baby who arrived with a low temperature of 30 1C.
The severity of encephalopathy was not significantly associated with time to reach target temperature range in either group of newborns (P ¼ 0.71). After adjusting for factors that could influence rapidity of cooling during transport such as birth weight, distance traveled and time from birth to admission to BCH, linear regression demonstrated that only time from birth to admission significantly increased time to reach target temperature (B ¼ 0.656, t(1) ¼ 3.69, P ¼ 0.001).
Data were also analyzed to determine whether efficacy of passive cooling varied with seasonal temperature. No significant difference was found; newborns transported during the warmer months (May-October) arrived with a mean temperature of 33.7±1.5 1C compared with 34.1±0.77 1C (P ¼ 0.43) for newborns transported during colder months (NovemberApril). To increase the contrast in environmental temperature, arrival temperatures were compared between the warmest and coldest months of the year (May-August vs NovemberFebruary), and there was no difference between the groups (data not shown).
As temperature was measured in the axilla during transport, the correlation between axillary and esophageal temperature measurements was examined both before and after initiation of active cooling procedures. Five passively cooled newborns had axillary and esophageal temperatures measured simultaneously on admission to BCH. All five had higher esophageal temperatures, and the measurements were very similar, with a mean difference (esophageal -axillary) of 0.3 1C (range 0.1 to 0.6 1C). Additional simultaneous measurements were recorded among both groups of newborns after admission and active cooling procedures were initiated. Twelve newborns had multiple simultaneous axillary and esophageal temperature measurements during the first hours of active cooling. Esophageal temperature was higher than axillary in 29 of 31 observations, with a mean difference between esophageal and axillary temperatures of 0.371C (range À 0.3 to þ 0.9 1C). The two observations of higher axillary than esophageal temperature occurred in one nonpassively cooled patient whose esophageal temperature plummeted quickly from 36.1 1C on admission to 33.2 1C after just 20 min of active cooling. These two measures of higher axillary temperatures were recorded soon after this rapid 20-min cooling period-at 31 and 48 min after admission-after which all axillary temperatures were lower than esophageal temperatures.
Finally, medical records were reviewed to assess for adverse events potentially related to passive cooling including intubation, initiation of inotropic or antiepileptic medications, as well as mean heart rate and blood pressure. There were no adverse events during transport in either group. In the non-cooled group, 14 of 16 (88%) were intubated for transport and all newborns in the passively cooled group were intubated. Six newborns in the noncooled group and five in the passively cooled group had suspected seizures either at the referral hospital or during transport and were treated with phenobarbital and in one case, fosphenytoin. For evaluation of hemodynamic data, we reviewed the transport records for vital signs and need for inotropic medications for 8 nonpassively cooled newborns and 18 passively cooled newborns transported 41 mile for whom we had detailed transport data. There was no difference between newborns who were not passively cooled and those who were cooled with respect to heart rate or mean arterial blood pressure measured at the end of transport (134 ± 20 vs 121 ± 22 b.p.m.; P ¼ 0.16 and 48 ± 4 vs 46 ± 9 mmHg; P ¼ 0.41). Four newborns in each group were already receiving inotropic support before transport. Three newborns required initiation of inotropic support during transport: one newborn who was not passively cooled and two who were passively cooled.
DISCUSSION
These data demonstrate that passive cooling of newborns during transport resulted in earlier achievement of therapeutic hypothermia, with the majority (74%) of newborns arriving within 1 degree of goal temperature (33.5 1C). Newborns who were passively cooled during transport achieved target temperature range nearly 2 h (mean of 112 min) earlier than newborns who were not cooled, even though time from birth to admission to BCH did not differ between groups. As regression analysis showed that only time from birth to admission to BCH was associated with time to reach target temperature, both early transfer and passive cooling are most important for newborns born farthest from hypothermia centers. Experimental data show that therapeutic hypothermia is more effective with improved outcome when implemented earlier than 6 h after an hypoxic-ischemic insult. 11, 13 Our data show that passive cooling at the birth hospital and during transport allows for achievement of effective hypothermia well before the 6-h mark used in published trials of therapeutic hypothermia. To our knowledge, this report is the first to compare temperature data before and after initiation of exclusive passive cooling during transport to a hypothermia center.
Our data also support the safety of passive cooling during transport, with a low rate of overcooling and no serious adverse events. Among newborns passively cooled during transport, overcooling was observed in only one newborn with severe perinatal asphyxia, a phenomenon described in earlier reports.
24-26 Although we did not find a statistically significant association between severity of encephalopathy and rapidity of cooling in our cohort, we did observe overcooling in one severely asphyxiated newborn in each group, confirming the impaired ability to maintain normal body temperature in newborns with severe asphyxia, even in the absence of passive cooling. The low rate of overcooling in this study is likely the result of exclusive use of passive cooling procedures; no active cooling procedures were utilized until each newborn arrived at our hospital. In addition, frequent communication between referring centers, transport team members, and BCH NICU physicians and nurses ensured that passive cooling was performed in a controlled manner with close monitoring.
Several studies have evaluated cooling during transport of asphyxiated newborns, in most cases with both passive and active cooling procedures. [15] [16] [17] In one study, passive cooling was used exclusively in just 2 of 35 newborns transported, and both newborns had rectal temperatures at the referring hospital and on admission to the hypothermia center of 34 to 35 1C. 16 In another study, 6 of 18 (33%) newborns who were cooled before and during transport arrived with temperatures in the subtherapeutic range. 15 In that study, temperature was not monitored vigilantly in all cases and temperature data were not differentiated between newborns who received both passive and active cooling from those who were only passively cooled during transport. 15 Both of these studies also reported a higher risk of overcooling among newborns with greater severity of asphyxia. 15, 16 Indeed, active cooling without a servo-controlled device appears more likely to result in overcooling, especially for newborns with severe asphyxia, based on data from studies in which both active and passive cooling were used during transport. 15, 16 In a third study, 4 of 37 newborns (11%) who underwent exclusive passive cooling arrived with rectal temperatures below the target range of 33 to 34 1C. 17 If we used the goal core temperature range (33 to 34 1C by rectal or esophageal probe) used by the other published reports, seven (26%) passively cooled newborns in our cohort would have had subtherapeutic temperatures on admission. However, as the BCH transport team uses only axillary temperature measurements, we extended our range down to 32.5 1C, as axillary temperatures tend to be lower than core temperatures. This decrease of the low end of the goal temperature range for axillary temperature on transport was supported by the finding that axillary temperatures were on average 0.37 1C lower than esophageal temperatures in our patients.
Indeed, a key difference between the data presented in this report and those from other published reports is the site at which temperature was measured during transport. It is well known that rectal and esophageal measures are both closer approximations of core body temperature than axillary measures and are therefore optimal for determination of core temperature. 17 However, it is not always feasible or safe to have continuous rectal or esophageal temperature monitoring during transport. Although simultaneous axillary and rectal measurements in infants may yield slightly different results, axillary measurements are consistently lower than rectal measurements. 18, 19 A review of 16 studies comparing simultaneous axillary and rectal temperature measurements in newborns and infants demonstrated that rectalaxillary difference was smaller among newborns than among older infants and children, with a mean difference of just 0.17 1C (95% limits of agreement, À 0.15 to 0.5 1C) in newborns vs 0.92 1C ( À 0.15 to 1.98 1C) in infants. 28 A recent study of passive cooling during transport noted poor correlation of simultaneous skin probe and rectal temperatures, but good agreement between axillary and rectal temperatures (mean difference 0.1 1C in 61 paired measurements). 17 The somewhat larger mean difference of 0.37 1C between esophageal (not rectal) and axillary temperatures in our study may reflect a lower esophageal than rectal temperature and/or a greater difference that may occur during the process of cooling rather than with normothermia or stable temperatures. Nonetheless, our data demonstrate that frequent axillary temperature measurements are feasible and sufficient for monitoring a newborn's temperature during passive cooling.
One limitation of our study is the relatively small sample size, although we were able to show statistically significant differences in time to reach target temperature. Also, the retrospective nature of the study limited the availability of some relevant data, such as the precise time of initiation of passive cooling, which is important to determine the time to achieve target temperature with exclusive passive cooling. Some data were not available for detailed evaluation of safety and the sample size of 27 passively cooled newborns in our study is not sufficient to determine the safety of this practice definitively, although no significant adverse events occurred in passively cooled newborns. Clearly, larger studies of passive cooling with long-term neurodevelopmental follow-up data will be needed to determine both the safety and benefits of this therapy on outcome.
Despite the sample size, our data support the approach of exclusive passive cooling with frequent temperature monitoring and a procedure to correct subtherapeutic temperatures as a safe approach to deliver hypothermia without overcooling during transport. Although protocols and equipment for precise measurement of core temperature and delivery of hypothermia are being developed 27 and may be ideal to achieve rapid onset of stable therapeutic hypothermia, data from this study support the continued use of passive cooling procedures during transport to hypothermia centers when a servo-controlled device is not available or feasible. Ongoing data collection and refinement of passive cooling procedures during transport remain important to ensure effective and safe delivery of hypothermia to asphyxiated newborns.
CONCLUSION
Passive cooling of asphyxiated newborns during transport to a hypothermia center results in significantly earlier achievement of therapeutic hypothermia and appears to be generally effective and safe. Frequent axillary temperature monitoring and correction of subtherapeutic temperatures are needed to ensure that passive cooling is both effective and safe during transport. Passive cooling presents an inexpensive, easily applied alternative to using a servo-controlled cooling device to ensure that newborns requiring transport can benefit from this therapy. Protocols should be developed and standardized to ensure timely and safe application of passive cooling during transport, particularly for those centers and transport teams where asphyxiated newborns may be transported long distances and servo-controlled devices for hypothermia are not available. Earlier achievement of therapeutic hypothermia may improve its efficacy and hence may improve long-term neurological outcome for newborns with HIE.
